ABSTRACT: Incidental bycatch, mostly in gillnets used for recreational fishing, is a critical mortality factor for the Endangered Saimaa ringed seal Pusa hispida saimensis. Bycatch particularly affects juveniles, and therefore fishing has been restricted by banning gillnets during the most critical juvenile dispersal period in spring. In addition, the most harmful gear types for ringed seals of all ages are forbidden year-round. The springtime restriction areas have increased significantly since the 1990s, now covering over 90% of the pups' birth sites. However, the impacts of fishing restrictions on incidental bycatch mortality have not previously been evaluated statistically. The present estimates of incidental bycatch levels in relation to fishing restrictions since the 1990s suggest that the springtime gillnet fishing ban resulted in an increase in population size by 20% between 1991 and 2013 (60 individuals given an average estimated stock size of 355 in 2013). In addition, the estimated critical period for juvenile survival in relation to fishing operations appeared to be the first 15 mo, which is a much longer time than previously expected, suggesting that stationary gillnet fishing during late winter months may cause a secondary peak in seal mortality. One unwanted estimated side effect of the seasonal ban was a slightly increased incidental estimated bycatch level immediately after the end of the springtime fishing restriction period. The estimated bycatch peaked in 2000−2005, with an average of 13.3 juveniles annually and decreased thereafter, mainly in 2009−2013, with an average of 6.3 juveniles annually.
INTRODUCTION
Fisheries incidental bycatch poses a significant threat to many marine mammal populations, especially with the use of passive gear, such as gillnets, which have contributed to the population declines of several species (Reeves et al. 2013) . Additionally, the Endangered (Sipilä 2016) land-locked Saimaa ringed seal Pusa hispida saimensis is threatened by various human-induced risk factors, among which incidental by catch, together with climate change, may be regarded as the most critical sources of current mortality (Kovacs et al. 2012 , Niemi et al. 2012 , Auttila et al. 2014 , Valtonen et al. 2014 , Lyytikäinen et al. 2015 , Kunnasranta et al. 2016 , Liukkonen et al. 2017 . In particular, juveniles are vulnerable to bycatch mortality caused mostly by gillnets used in recreational fishing. Various fishing restrictions are enforced in Lake Saimaa: annual gillnet fishing prohibitions are applied during the most critical dispersal period (15 April-30 June) to improve the survival of the juveniles as they disperse, in addition to which the most harmful gear types for seals of all ages (fishbaited hooks, large fish traps with closed covers, wire basket fish traps with mouths wider than 150 mm and varied restrictions related to mesh size and line strength of gillnets) have been forbidden throughout the year since 1999 (Sipilä 2003) . The patchy areas subject to the springtime gillnet fishing ban were gradually enlarged during 1991−2013, especially in the central breeding areas of the seals (Ministry of the Environment 2011). The conservation effects of this ban were evaluated by comparing proportions (relative sizes) of the banned fishing area with the breeding habitat. In 1991, the ban covered less than 20% of the seals' birth lair locations (Sipilä 2003) , and it was assumed that by enforcing new protection areas, over 90% of the born pups would be protected by fishing restrictions (Ministry of the Environment 2011), although the areas of concern would still not cover all of the juvenile seals' potential dispersal patterns (Niemi et al. 2012 (Niemi et al. , 2013 . Niemi et al. (2013) found that the home ranges of Saimaa ringed seal juveniles were much larger than had earlier been supposed, and they verified fishinginduced incidental deaths of 40% of the radio-tagged pups. This, and the combination of an increased number of pups being born but the size of the adult Saimaa ringed seal population remaining small, boosted a public debate on the magnitude and causes of unobserved deaths inside and outside the fishing restriction areas. Some stakeholders denied all unobserved deaths, while others suggested that the unobserved deaths were perhaps 3 times greater in number than the observed deaths (Ministry of the Environment 2011). Unfortunately, there are no other estimates of unobserved deaths than those presented by Niemi et al. (2013) , and the causes of death of the additional observed stranded seals have remained unknown. A few dead, stranded seals are found both inside and outside the restriction areas each year, but it is rarely possible to diagnose the causes of those deaths because of the bad condition of the carcasses. In recent years, field observers have also verified a few incidental bycaught individuals within the banned areas, casting doubts on the real impact of fishing restrictions and the biological sustainability of the population in the face of such unquantifiable incidental bycatch.
In this work, we estimated the impact of fishing restrictions on incidental bycatch of Saimaa ringed seals using statistical methods. Our tools are purely statistical due to the absence of any concrete estimates for the main parameters required for such an assessment, such as causes of death, population size and biological sustainability. Instead, an array of machine learning techniques was used to compensate for these shortcomings, with their advantage being their ability to recognize patterns (of deaths) that are too obscure to be perceptible by human researchers employing standard statistical tools.
MATERIALS AND METHODS

Data
Lake Saimaa (61°05−62°36' N, 27°15−30°00' E) is a freshwater basin that is approximately 180 km long and 140 km wide (Fig. 1) ; the area of interest in this study covers the current distribution of the Saimaa ringed seal (see Niemi et al. 2012) . The mortality and birth lair data from 1991−2013 used in the analyses were obtained from the Saimaa ringed seal database of Metsähallitus Parks & Wildlife Finland (2018) . The mortality data, including cause, location, year and age, were based on 422 Saimaa ringed seal carcasses. Since no reliable time series exist regarding overall gillnet locations and fishing efforts, only the data based on the causes of seal mortality were used here. The causes of death were either determined by a wildlife pathologist or verified in the field (as in the case of bycatch in gillnets). The causes of death were classified as follows: (1) stillborn: pup dead at birth, (2) lair deaths: unweaned pups aged 0−2 mo, (3) fishing: bycaught seals aged 0−35 yr and (4) others: weaned seals older than 2 mo that died of natural or unknown causes. The ages of the seals (excluding pups with lanugo hair) were determined by counting the cementum layers in the lower canine teeth (Stewart et al. 1996) .
The birth rate data from 1991−2013 included the numbers of Saimaa ringed seals born in the years concerned (N = 1104). Since ringed seals give birth to a single pup in a subnivean lair, the numbers of birth lairs can be used to estimate pup production (for details, see Sipilä et al. 1990 , Sipilä 2003 . Such data were collected during annual Saimaa ringed seal snow lair censuses conducted throughout the species' distribution area in late winter or early spring from 1991−2013.
Statistical methods
Model structure
Estimation of the total number of deaths began with the total number of annually born pups and ended when the survivors reached 30 yr of age. There was only 1 very old seal (> 25 yr, max. 35 yr). The estimation of the total number of deaths by cause of death in year y is divided as follows: (1) estimation of the total mortality rate from age 0 to age 30 yr in year y and (2) estimation of the causes of death at given ages in year y. In cidental bycatch is assumed to occur only in areas without fishing restrictions, while other causes of death (still born, lair deaths, others) are assumed to occur both inside and outside the fishing restriction area.
Causes of death estimation
The causes of death patterns were estimated using a random forest (RF) model (Breiman 2001) . RF consists of building an ensemble (forest) classifier of decision trees produced from bagging (bootstrap aggregated; see Breiman 1996) and a randomized variant of the tree induction algorithm. In ecological studies, RF has been applied for species distribution models (SDMs), e.g. for species conservation and biodiversity management purposes, and in the context of climate change (Guo et al. 2015) . One general reason for using ensemble SDMs has been to reduce uncertainty and stability in predictions, especially when compared with a single SDM, such as a generalized linear model or a generalized additive model (Marmion et al. 2009a ,b, Grenouillet et al. 2011 , Guo et al. 2015 . Dietterich (2000) identified statistical, computational and representational reasons, explaining why ensembles often work better than a single model. First, when the learning set is too small (as in our study), a learning algorithm can typically find several models (functions) in the hypothesis space and, by averaging several models, can reduce the risk of choosing the wrong hypothesis. Second, an ensemble made of individual models built from many different starting points may provide a better approximation of the true unknown function than one using any of the single models. By combining several models in an ensemble, it may be possible to expand the space of representable functions and obtain a better model of the true function. Consequently, among 179 classifiers arising from 17 families (discriminant analysis, Bayesian, neural networks, support vector machines, decision trees, rule-based classifiers, boosting, bagging, stacking, RFs and other ensembles, generalized linear models, nearest neighbours, partial least squares and principal component regression, logistic and multinomial regression, multiple adaptive regression splines and other methods), the best classifiers were different versions of RF (Fernandez-Delgado et al. 2014) .
The predictors of cause of death distributions were latitude, longitude, seal age (in months) and year. The parameters of the RF model (specifically, number of trees: 10−1500; confidence level used for pes- simistic error calculation of pruning, i.e. removal of tree sections to improve predictive accuracy by the reduction of overfitting: 0.05−0.5; maximal depth: 5−30; and criterion for selecting attributes and numerical splits: accuracy, gain ratio, Gini index, information gain) were optimized using a sequential (repeated) grid search. That is, the optimization was repeated numerous times using different sub-ranges for the number of trees and tweaked using the remaining parameters until a plateau was found in the statistical performance (accuracy) beyond which more trees did not make any difference, and the performance score even showed a small dip. The statistical performance of the RF model was evaluated using 10-fold cross-validation (Kohavi 1995) , which means that the data were randomly split into k (10) folds using stratified sampling, and each time k − 1 folds were used for training and the remaining 1 fold for testing. The model with certain parameter values that tested best over the 10 nonoverlapping test folds was then selected. Finally, the best model with the best parameters was applied to all data. In general, the aim of 10-fold cross-validation is to avoid over-fitting and to choose a model that is neither too simple nor too complex. It guards against testing hypotheses suggested by the data (called 'Type III errors') in cases where further samples are costly or impossible to collect. A model that is too simple usually has high bias and low variance, while a model that is too complex usually has low bias and high variance. That is, finding the best model amounts to making an appropriate trade-off between bias and variance, i.e. finding the best model follows the 'no free lunch' theorem (Wolpert & Macready 1997) .
Mortality rate estimation
The sample size of juvenile seals (aged 0−15 mo) was much higher (5−15 deaths annually) than that of the older adult seals (0−5 deaths annually), so it was possible to estimate an annual mortality rate for the juveniles, but not for the older seals. The annual mortality patterns were recognized using a generalized regression neural network (GRNN; Specht 1991). First, the values of the pre dictors of mortality (age and year) were standardized between 0 and 1. Then, log(ln + 1) transformed numbers (dead juveniles) in each age class (in months) in year y were assessed. Finally, monthly mortality rates were estimated from the (negative) regression slope parameters of the GRNN regression estimate.
The mortality rate of the adult seals aged 1−30 yr was estimated using log-transformed age frequency distributions (also referred to as the 'catch curve' method; Hilborn & Walters 1992). Initially, the number of seals in each age class was determined, and then the numbers were log(ln + 1) transformed; thereafter, total mortality was calculated as the negative slope of the regression. Finally, the error of the mortality estimates was calculated as the error of the slope of the regression.
In the adult mortality rate estimation, we used Bayesian linear regression with uninformative priors, i.e. we applied equal probability for each possible value of the prior mortality rate, which means that we did not assume any particular (unknown) mortality level a priori before performing the mortality analysis. Furthermore, we assumed a constant annual mortality rate for the adult seal age groups over the years because the annual sample size of adult seals was either 0 or extremely small (0−5 annually).
RESULTS
Incidental bycatch and the impacts of fishing restriction areas
The springtime (15 April−30 June) fishing restriction areas have increased significantly in size and coverage since they were established in 1982, and the increase has had an effect on juvenile survival. The areas covered 18% of the birth sites in 1991, whereas in 2013, the coverage was over 90% (Fig. 2) . Although the first restrictions imposed to limit bycatch mortality were established as early as 1982 (Sipilä et al. 1990 ), systematic restrictions have been implemented on a larger scale (applying to both the season of the year and the gear type) only since 1999. In 2010, a major increase in the springtime total fishing restriction area was enforced in the main breeding areas of the seals, partly due to an increase in the distribution of the juveniles and of the ringed seal population in general (Fig. 2) . In 1991, the springtime fishing restriction areas had only a small positive influence on juvenile survival, where as in 2013, the influence of the enlarged total restriction area was more significant (Fig. 3) . However, an estimated side effect of the restriction areas in 2013 was a slight increase in estimated incidental bycatch levels after fishing began (on 1 July), when the juveniles were 4 mo old (Fig. 3) . That is, a higher estimated number of survivors on 30 June led to a higher estimated incidental bycatch after fishing began on 1 July. The estimated by catch peaked in 2000− 2005, with an average of 13.3 juveniles annually, and was highest in 2004. The enlarged fishing restriction areas in 2010− 2013 effectively re duced the bycatch of seals 0−4 mo old (Fig. 4) .
The conservation impact of the spring time fishing restrictions increased significantly throughout the period concerned (Fig. 5) . In the period 1991− 2013, the annual impact of the restriction areas peaked at a juvenile age of 2.5− 3 mo. The conservation impact of the fishing restriction areas in terms of the incidental bycatch was smaller at age 3.5 mo than at 2.5−3 mo, and was minimal at 0− 1 mo (Fig. 5) .
If the springtime fishing restriction areas covered all of the ringed seals' birth sites throughout the period concerned, it is estimated that the number of juveniles surviving as a result of fishing restriction areas would have increased to an average of ~7.8 individuals annually (average slope parameter, Fig. 6 ) compared to a situation with no restriction areas at all. As the restriction coverage was less than 100% (Fig. 2) , only an average of 2.1 juveniles were estimated to have been saved annually by this management measure.
During 1990−1995, the estimated average annual bycatch of juveniles (0− (Fig. 7) .
Population size
The fishing restriction areas induced an increase in the population of the Saimaa ringed seal. The cumulative increasing effect of the springtime fishing restrictions on the population size of the Saimaa ringed seal during 1991−2013 was 47 juveniles + 13 adults (20% increase in population size from 295 seals in 1991 to 355 seals in 2013, Fig. 8 ). The estimated population size is an uncertain parameter that varies between 2 extremes, the estimated minimum and maximum distributions (Fig. 9) .
DISCUSSION
Our results show the effectiveness of the enlarged springtime fishing restriction areas in reducing bycatch numbers of Saimaa ringed seal juveniles. Our analyses show that the estimated bycatch numbers in recent years were approximately half those in the early 2000s, whereas the observed bycatch numbers of juveniles (Fig. 7) remained approximately the same, and it appears that the restrictions did not have any impact on the survival of juveniles. However, it is also the unobserved (not reported, i.e. estimated minus observed, Fig. 7 ) bycatch numbers that have decreased in recent years. This shows the effectiveness of restrictions in safeguarding juveniles (Fig. 5) , which nearly doubled the population size (seal numbers before birth) during 1991−2013. It can be expected that without the restrictions, the incidental bycatch in recent years would have been approximately double. Similarly, implementation of the fishing restrictions in 1991− 2013 over an area covering all of the birth sites could potentially have increased juvenile survival, with an average of ~7.8 individuals estimated to have been saved annually. In practice, however, the re serve coverage was moderate, and therefore the population of 355 seals at the end of the period studied here included an estimated 60 individuals more than there would have been without the fishing restrictions (295 seals, Fig. 9 ).
Our results confirm earlier observations of the most critical period for juvenile survival (Sipilä 2003 , Ministry of the Environment 2011, Niemi et al. 2013 , Auttila et al. 2014 and show that the impact of fishing restrictions on juvenile survival begins at the age of 1.5 mo and is less marked at age 3.5 mo than at 2.5− 3 mo, which roughly corresponds to the time interval 15 May−15 July. However, the data also indicate that the estimated critical period for juvenile survival, as far as fishing practices are concerned, extends over the first 15 mo, as seen in the secondary peak in annual bycatch mortality after the end of the springtime fishing restriction period. Our analyses clearly point to this secondary peak in mortality and show Fig. 7 ), this could be an underestimate due to noise or concept drift (a change in statistical properties of the target variable). Some algorithms may overreact to noise, erroneously interpreting it as concept drift, while others may be highly robust with regard to noise, adjusting to the changes too slowly (Tsymbal 2004) . The potentially elevated bycatch numbers have also been observed in mortality statistics in recent years (Metsähallitus Parks and Wildlife Finland 2018) . This is the first study to show the hidden bycatch mortality (see Fig. 7 ) in the Saimaa ringed seal population, as speculated earlier (Sipilä 2003 , Ministry of the Environment 2011). One of the main assumptions here is that the cause of death assessment assumes that the probability of reporting is equal between all causes, which may not hold true. In July, for example, there are numerous people present (summer cottage owners and recreational fishermen) who are likely to report incidental bycatch deaths more often than in winter, when the harsh conditions attract fewer fishermen. However, the number of nets can also be considerable during that time because gillnet fishing in Lake Saimaa is focussed especially on the pike perch Sander lucioperca, which is one of the most valuable species both commercially and recreationally. In addition, the willingness to report incidental bycatch deaths may vary between seasons, and hence the estimated incidental bycatch patterns presented here should be considered 'best-guess' estimates (approximations) of the incidental bycatch mortality. There has also been debate about the acceptability of fishing restrictions to local people (Ratamäki & Salmi 2015) , which may also have caused the willingness of fishermen to report incidental bycatch to vary between the years over the whole period 1991−2013. The results and trends of the present study, however, do not significantly deviate from those reported earlier, and hence, the overall reliability of the assessment was considered plausible. The nationally accepted biological reference point for the size of the Saimaa ringed seal population is that it should reach 400 adult seals by 2025 (Ministry of the Environment 2011). This has been officially defined as an 'intermediate goal' and would be achieved by allowing the population to grow by approximately 3−4% yr −1 . This reference point integrates the knowledge and opinions of various stakeholder groups, but it remains an open question as to which computational reference point method would be most appropriate for the Saimaa ringed seal. Consequently, there have been difficulties in justifying the maintenance of reasonably conservative fishing restrictions that both protect the Saimaa ringed seals and enable local small-scale subsistence fishing (Ratamäki & Salmi 2015) . In addition, along with incidental bycatch mortality, an increasing threat to population recovery from the mid-2000s onward has been the high perinatal mortality caused by the lack of adequate snow cover during the breeding season in February−March (Auttila et al. 2014) . Additionally, a slightly less acknowledged but potentially severe threat has been the rapid increase in the number of summer cottages and associated activities, which has steadily reduced the potential breeding grounds along the shores of the Saimaa lake system (Liukkonen et al. 2017) . Coping with these threats may prove to be a relatively complicated matter. Nevertheless, the findings presented here do show that reducing incidental bycatch mortality by extending the fishing restrictions has had substantial long-term effects on the growth rate of the Endangered Saimaa ringed seal population.
Juvenile survival of the Saimaa ringed seal is a critical element for successful conservation. Perinatal mortality typically varies between 10 and 20% (Auttila 2015), and after weaning, bycatch is the dominant mortality factor for juveniles (Kokko et al. 1999 , Sipilä 2003 , Niemi et al. 2013 ). In the future, perinatal mortality is likely to increase due to human disturbance (Liukkonen et al. 2017 ) and changing climate (Auttila 2015); therefore, mitigation of bycatch, a most acute mortality factor, is highlighted in conservation strategies, and fishing closures have been established. However, to be effective, fishing restrictions should be prolonged at least to the end of July to reduce the bycatch mortality peak in summer. In addition, our results on hidden mortality indicate that the observance of fishing regulations still requires both education and patrolling.
